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Abstract 
The high frequency (0.1 kHz) pressure and velocity measurements of two-phase unsteady flow are used to determine the 
hydraulic-grade-line (HGL) along the pipeline with a complex layout. The semi-empirical method is applied to estimate the 
pressure drop for the outflow, and thus determine the pipe downstream-end conditions for the modeling purposes. A Control-
Volume (CV) model coefficient β, representing residual motion due to the pressurized water-column stratification is specified. 
Pressurized two-phase unsteady flow phases in a 250 mm diameter and 275 meters long PVC pipeline with steel inlet and outlet 
counterparts are considered for the evaluation of this method.  
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1. Introduction 
Mixed flows due to the presence of air restrict operations of large-scale piping systems. The intrusion of air on 
top of the water column complicates the dynamics of moving air-water fronts. The filling of an initially empty 
pipeline and the draining of an initially liquid-filled pipeline, are of great interest due to many practical 
applications, such as water-distribution and sewage systems, conveyance of storm-water flows during intense rain, 
fire-fighting systems and fluid transport pipelines. Different type pressure fluctuations may be present in 
pressurized system containing trapped air. Also models with varying levels of complexity can be used to deal with 
the air-water interactions and associated flow transients. A Control-Volume (CV) model for the emptying of large-
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scale pipeline including the presence of water-column stratification is presented by Laanearu et al. (2012). Present 
study compliments the experimental findings of the pressurized two-phase unsteady flow phases in a 250 mm 
diameter and 275 meters long PVC pipeline with steel inlet and outlet counterparts. This experimental apparatus 
was designed and built at Deltares, Delft, The Netherlands, as part of the EC HYDRALABIII project providing 
accesses to the large-scale infrastructures in EU. Aim of the experiments was to investigate relatively slowly 
accelerated two-phase flow in a pressurized pipeline that is long enough to neglect the pipeline interior minor 
losses, with a focus on the air-water front unidirectional travelling inside the horizontal pipeline. The different flow 
stages 1) filling of pipeline, 2) steady-state flow and 3) emptying of pipeline were investigated. The horizontal part 
of PVC pipeline was initially filled with water from a supply tower, which corresponded to filling phase, until 
steady-state flow was achieved. Then the water-column motion was gradually brought to rest by simultaneously 
restricting the outflow and reducing the inflow into the pipeline. The resulting static water column was pressurized 
from an upstream air tank. Controlled emptying was through the downstream steel-siphon allowing discharge the 
water from the horizontal pipeline part into the free-surface basin. The hydraulic system functioning was 
complicated due to the upstream and downstream parts layout and valves in series, which were used to control the 
two-phase unsteady flow processes. 
Transient changes in flow rate and pressure for the pressurized two-phase unsteady flow are usually modeled by 
the rigid water-column approximation and also taking use simple relationships for compressible gas-phase (e.g. 
Zhou et al., 2002). Fast flow transients can be also present in a system designed to convey water as a free-surface 
flow, where the closed conduit pressurization occurs (Vasconcelos et al., 2006; Leon et al., 2010). In pipeline 
systems with undulating elevation profile, column separation may occur at high points and air pockets may be 
trapped locally (Liou and Hunt, 1996). However, fast transients can be the source of many unwanted phenomena - 
sudden valve and pump operations, power failure etc. can cause water hammer and therefore be responsible for 
damaging hydraulic machinery, pipes and supports and for unacceptable noise in workplaces. Fast transients may 
also occur in the case of rapid pipe filling and emptying in various hydraulic applications when the water-column 
motion is rapidly interfered. 
The pipe emptying problem has not received much attention in literature as it is often considered together with 
other hydraulic phenomena. The air pressurization plays an important role in the interaction between air and water 
for the draining process (Hou et al., 2012). Studies of Zukoski (1966) and Benjamin (1968) investigated bubble 
motion in tubes due to gravity. An empirical relationship between pipe diameter and celerity of an air bubble and 
the gravity current was presented. Emptying of large-scale pipeline by pressurized air was recently experimentally 
investigated by Laanearu et al. (2012). A CV approach was proposed to explore how simple models can be used to 
explain the two-phase flow transitions. The parameterization of the water-column stratification due to air intrusion 
was defined by the air-cavity celerity, representing the relative shortening of water column (Zukoski, 1966). In this 
study the experimental data gained from aforementioned experiments are revisited. 
 
Nomenclature 
A Cross-sectional area of flow [m2] 
barg Gauge pressure [bar] 
c Long air-cavity celerity [m/s] 
CV  Control volume 
D Pipe diameter [mm] 
EMF Electromagnetic flow meter 
f Friction factor 
g Acceleration due to gravity [m/s2]  
HGL Hydraulic-grade-line  
hout Extrapolated head at the outlet [m] 
hsiphon Height of the siphon [m] 
hto Total head at the outlet [m] 
k Pipe wall roughness [mm] 
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K Total minor-loss coefficient of the outlet steel pipe 
Klb Minor-loss coefficient of the long 180˚ bend 
ltail Tail-leakage length [m] 
Qoutlet Flow rate obtained by the downstream-end EMF [m3/s] 
Re Reynolds number 
T Time [s] 
U Velocity in CV model [m/s] 
Ur Relative velocity in CV model [m/s] 
v Measured instantaneous mean velocity [m/s] 
x Distance along the pipeline [m] 
α Hold-up coefficient in CV model 
β Residual motion coefficient in CV model 
ρ Fluid density [kg/m3] 
2. Experimental apparatus 
The Deltares multi-phase test rig (EC HYDRALAB III project HyIII-Delft-4) consisted of a constant-head 
water supply tower of 25 meters head, a pressurized air tank, over 260 meters long PVC pipeline part with a 
diameter of 250 mm and wall-thickness of 7 mm and free-surface reservoir for outflow (Fig. 1 and 2).  
 
 
Fig. 1. Layout of the PVC pipeline. 
The inlet and outlet parts were made of steel. The PVC pipeline consisted of six straight sections (numbered I-
VI in Fig. 1) that were connected with four 90° PVC elbows of five diameters’ radius and one horizontal 180° 6.45 
m long PVC turn that connected the two parallel-laid pipes III and IV. The location of measurement sections 
(numbered 1, 3, 5, 6, 7, 8 and 9), transparent sections (2, 4 and 10) and the axial position of the pressure 
transducers are shown in Fig. 1. In addition to pressure, the internal water level was measured at six and 
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temperature at three locations along the PVC pipeline. Flow was measured by two electromagnetic flow meters 
located at the horizontal inflow steel-PVC pipeline connection and at the vertical outflow steel-pipe section (4 in 
Fig. 2). At the upstream end of the pipeline an 8.75-m-long PVC bridge was elevated in a vertical plane 1.3 m 
above the horizontal pipeline axis. The rest of the PVC pipeline was horizontal. The coordinate system reference 
point (x = 0) for the axis along the pipeline in the flow direction was taken to be at the downstream end of the PVC 
bridge before the upstream end of measurement Section 1 (Fig. 1). The total length of the continuous horizontal 
PVC pipeline, including the 90° bends and 180° turn, was 261 m (Laanearu and van’t Westende, 2010). 
The PVC pipeline outlet was connected to a horizontal steel pipe (1 in Fig. 2) with a vertical bend (2 in Fig. 2) 
to a vertical steel pipe 4.5 m above the ground floor (siphon). The total length of the steel-pipe part was 10.6 m. A 
pressure transducer (3 in Fig. 2) was located at x = 269.5 m and about 0.8 m upstream from the downstream 
electromagnetic flow meter (EMF, 4 in Fig. 2). The manual butterfly valve (DN200) (5 in Fig. 2) at the 
downstream end of the vertical steel pipe was used to regulate the outflow conditions and on/off valve (6 in Fig. 2) 
was used to start the emptying process of the pipeline. The drainage water was collected into the free-surface 
basement reservoir (7 in Fig. 2). 
 
 
Fig. 2. End part of the pipeline. Connections, valves and measurement devices are shown. 
3. Experiments 
3.1. Steady-state flow 
Test results from nine steady-state experimental runs were used to determine the head losses in the pipeline 
apparatus. For estimation of friction factors f along the PVC pipeline and minor-loss coefficient Klb at the long 
180˚ bend, Darcy-Weisbach equation was used. The measured downstream and upstream flow rates together with 
pressure-head recordings from transducers P1 and P5 were used to calculate the f values. Measured head loss 
between the sections 5 and 7 was used to determine the coefficient Klb. From the nine steady-state runs it can be 
deduced that the head loss due to the 180˚ bend is negligible (Klb = 0.0574 at Reynolds number Re = 948,000). The 
measured flow rates and time-averaged pressure heads from transducers P1 and P9 were used to calculate the 
friction factor values of different pipeline sections. It resulted from the calculations that the values of f for all 
sections including the 90˚ bends were nearly the same (f = 0.0136 at Re = 948,000). Knowing the Reynolds 
number and the corresponding friction factor f, the pipe relative roughness k/D can be calculated from the 
Colebrook-White equation. In the current case the relative roughness was k/D = 0.00011, corresponding to an 
estimated pipe wall roughness of k = 0.026 mm. The layout configuration of the PVC pipeline apparatus was rather 
complicated as it was built from 10-m-long PVC pipes and connected with bends of different radii. Therefore the 
pipeline used was characterized by a comparatively large equivalent roughness. Thus the pipeline was long enough 
to neglect the interior minor losses due to bends. 
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3.2. Emptying 
Before each emptying experiment the pipeline was fully filled with water and the static water column was 
pressurized from the high-pressure air tank. Each emptying experiment started with a relatively rapid manual 
opening of a downstream-end on/off valve (valve 6 in Fig. 2). Water was driven out of the pipeline by compressed 
air with an initial pressure of 1, 1.5 and 2 bar. The pipeline outflow conditions were regulated with the 
downstream-end butterfly valve (5 in Fig. 2). The orifice of the valve was fully opened at 0˚ (marked here as 0/9) 
and fully closed at 90˚ (9/9). In this study the experimental results where the outflow conditions were fixed at four 
different positions (0/9, 1/9, 3/9 and 5/9) of the butterfly valve are used. 
During the emptying process the water column acceleration changed in three stages (Fig. 3a). After a sudden 
opening of an on/off valve, the flow accelerated rapidly from rest (stage 1). Flow oscillations were present due to 
the water hammer caused by the valve opening. At the second stage the discharge increased slowly (more or less 
linearly). A second rapid acceleration occurred at the third stage just before the air-water front flushed out from the 
pipeline. In the test cases where the downstream-end butterfly valve was closed 5/9, the second rapid acceleration 
was absent. 
The driving air pressure decreased more or less linearly in time during the emptying process (Fig. 3b). Large 
pressure oscillations at the start of the process were caused by the opening of the on/off valve. It can be seen from 
Fig. 3b that after the air front passed a section the pressure at that place equaled the driving air pressure. The 
pressure fluctuations at the latter stages were caused by the impact of water slugs at the downstream end bend. 
 
 
 
Fig. 3. Relationships between flow rate and pressures in time (a) variation of flow rate, (b) variation of pressure. Run 1. 
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To check the repeatability of the measurements a series of five runs was carried out at the same outflow 
conditions and driving air pressure. The repeatability of the measurements was considered acceptable as the 
coefficient of variance of all runs was around 7 % (Laanearu et al., 2012). The initial conditions for the 
representative runs 1 – 9 analyzed in this study are given in Table 1. 
 Table 1. Initial conditions for Runs 1 – 9. 
Run Initial air-circuit pressure (barg) Control valve 5 opening 
1 2.0 0/9 
2 1.5 0/9 
3 
4 
5 
6 
7 
8 
9 
1.0 
2.0 
2.0 
2.0 
1.0 
1.0 
1.0 
0/9 
1/9 
3/9 
5/9 
1/9 
3/9 
5/9 
 
4. Semi-empirical method 
The downstream-end outlet steel pipe had a complex layout. It contained two segments of different diameter 
which were connected with a reducer. The first segment was 8.8 m long with a diameter of 250 mm and wall 
thickness of 7 mm. The second segment was 2 m long, the diameter was 200 mm and wall thickness 5 mm (Hou et 
al., 2012). In addition a downstream-end flow meter and two valves were installed on the pipe section close to each 
other. This made it very difficult to estimate the minor head losses of the control valve 5 (Fig. 2). 
In this study the pipeline-end pressure drops i.e. minor head losses are determined semi-empirically at different 
flow stages using the least squares method. Nine different runs of controlled pipeline emptying are used to validate 
the results. Pressure measurements of pressure transducers 8 and 9 were used to calculate the hydraulic grade line 
(HGL) at different Reynolds numbers. Least squares’ fitting was used to extrapolate the HGL to the end of a 
straight pipe (Fig. 4).  
 
 
Fig. 4. Sketch of semi-empirical method 
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The total head at the outlet (hto) was calculated as the sum of the height of the siphon (hsiphon) and the 
extrapolated value (hout). This was later used to determine the total minor-loss coefficient of the outlet steel pipe 
(Eq. 1 and 2). 
siphonoutto hhh +=  , (1) 
 2
2
v
ghK to ⋅= , (2) 
where v is the instantaneous mean velocity obtained from the downstream-end EMF. 
The relationship between the minor loss coefficient K and Reynolds number for each representative run is given 
in Fig. 5. 
 
 
Fig. 5. Relationships between K and Re 
5. CV model approach 
The mathematical modeling herein to investigate the pipe emptying dynamics follows Laanearu et al. (2012) 
CV model for the water-column of changing length due to the air-water front advancing between the sections (1) 
and (9) in Fig.1. Rigid-column theory governed by a set of ODEs is commonly used for this type problem (cf. 
Zhou et al., 2002; Liou and Hunt, 1996; Axworthy and Karney, 1997). However, in present study different 
approach is taken to consider the stratification of the water column during two-phase unsteady flow, i.e. the mass 
loss – termed hold-up – is included in the CV model (cf. Bozkus and Wiggert, 1997). The loss of mass due to 
development of the stratified flow inside of the pressurized pipeline can be accounted by the hold-up parameter α. 
By definition the amount of mass lost per unit length is ρ(1 − α)A, 0 < α < 1. The rigid-column model gives more-
or-less good results as long as no fast transients such as the air-water front interaction with the pipe end, occurs 
(Laanearu et al., 2009). In the case of large-scale pipeline emptying with compressed air supplied from the 
upstream end, the influence of the driving air pressure and downstream valve resistance on the outflow rates is 
studied by Laanearu et al. (2012). Also simple control volume model was used in this study by Laanearu et al. 
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(2012), to explain the difference between the non-stratified (α = 1) and stratified (α < 1) flow cases in the pipeline 
under investigation here. Considering the water-column mass loss due to the water-air tail (coefficient α) and 
residual motion (coefficient β), the calibrated CV model solutions were found to be qualitatively in good 
agreement with the experimental findings. However, it was found that the CV model residual motion coefficient β 
was strongly dependent on the losses of the system. Thus a main uncertainty of CV modeling by Laanearu et al. 
(2012) for the controlled emptying of large-scale pipeline was due to the valves mounted in series along the 
downstream-end vertical pipe (cf. Fig. 2). The residual momentum changes due to the boundary and internal 
motion relative to the CV can be represented by an integral formula 
∫ ∂∂−+= residual r dst
U
U 2
1
)1(
1 α
αβ , (3) 
where U is the water-column speed due to outflow from the end of vertical pipe (cf. Fig. 2) and Ur is the relative 
speed due to internal motion of water column due to development of air-water front. It can be mentioned that the 
air-water front motion of the slowly accelerating water-column in the CV model was determined by U/α. Thus the 
air-cavity celerity c = U(1 – α)/α defines the relative shortening velocity of the water column due to development 
of the water-column stratification during the two-phase unsteady flow. The residual motion coefficients β in the 
case of preserved hold-up coefficient α by taking use the semi-empirical method proposed are presented in Table 
2, where ltail, measured is measured tail length estimated from the water-level measurements along the pipeline, β  is 
CV model constant due to residual motion, ltail, modelled is CV modeled tail length due to depletion of water column 
using β, βempirical is the CV model constant estimated using the semi-empirical method for the local energy loss, ltail, 
empirical is CV modeled tail length due to depletion of water column using βempirical. It is apparent that the method 
used increased actual magnitudes of the coefficients β, and thus indirectly proved that the internal motion of the 
water column can be important for the air-water interaction dynamics for the large-scale pipeline. 
Table 2. Measured and modeled parameters for Runs 1 – 9. 
Run ltail, measured β ltail, modelled / 
ltail, measured 
βempirical ltail, empirical / 
ltail, measured 
1 44.0 6.4 76.9 7.5 77.6 
2 47.2 4.6 95.5 6.1 96.1 
3 
4 
5 
6 
7 
8 
9 
53.8 
44.0 
46.1 
60.6 
48.3 
55.0 
68.8 
3.9 
11.3 
6.3 
4.5 
5.8 
5.0 
2.7 
93.2 
56.3 
69.2 
62.7 
81.6 
77.2 
76.3 
8.9 
13.0 
7.3 
5.4 
6.7 
6.0 
5.2 
94.1 
57.1 
70.1 
64.0 
82.8 
78.7 
77.1 
 
6. Conclusions 
Large-scale pipeline experiments in Deltares resulted in a detailed data set for the investigation of two-phase 
unsteady pipe flows with the air-water interface propagation and related stratification of the water column. The 
pressure, which was recorded along a 261 long PVC pipeline during the emptying process, made it possible to 
determine the hydraulic grade line for the two-phase unsteady flow during the emptying period without significant 
effects due to the valve induced water hammer. The semi-empirical method was employed to estimate the minor 
losses due to the downstream valves mounted in series along the vertical pipe.  
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It is concluded that: 
 
• The steady-state flows were needed to determine the minor loss coefficients for the large Reynolds numbers in 
this experimental facility. 
• The pipeline downstream-end pressure measurements were too noisy to determine accurately the pipeline 
downstream-end pressure drop. 
• The along-pipeline pressure measurements of two-phase unsteady flow were useful for the estimation of the 
pipeline downstream-end pressure drop. 
• The internal motion of water column can be important for the air-water interaction dynamics in the large-scale 
pipeline. 
• The semi-empirical method is justified and can be used for estimation of local energy losses. 
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